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Summary
Animal photoreceptor cells can be classified into two
distinct types, depending on whether the photopig-
ment is borne on the membrane of a modified cilium
(ciliary type) or apical microvilli (rhabdomeric type)
[1]. Ciliary photoreceptors are well known as verte-
brate rods and cones and are also found in several
invertebrates. The rhabdomeric photoreceptor, in con-
trast, is a predominant type of invertebrate visual cell,
but morphologically identifiable rhabdomeric photo-
receptors have never been found in vertebrates. It is
hypothesized that the rhabdomeric photoreceptor cell
had evolved to be the photosensitive retinal ganglion
cell for the vertebrate circadian photoentrainment
[2–4] owing to the fact that some molecules involved
in cell differentiation are common among them [5].
We focused on the cephalochordate amphioxus be-
cause it is the closest living invertebrate to the verte-
brates, and interestingly, it has rhabdomeric photore-
ceptor cells for putative nonvisual functions [6]. Here,
we show that the amphioxus homolog of melanopsin
[7–9], the circadian photopigment in the photosensi-
tive retinal ganglion cells of vertebrates, is expressed
in the rhabdomeric photoreceptor cells of the amphi-
oxus and that its biochemical and photochemical
properties, not just its primary structure, are consider-
ably similar to those of the visual rhodopsins in the
rhabdomeric photoreceptor cells of higher inverte-
brates. The cephalochordate rhabdomeric photore-
ceptor represents an evolutionary link between the in-
vertebrate visual photoreceptor and the vertebrate
circadian photoreceptor.*Correspondence: terakita@vision-kyoto-u.jp
4Present address: Department of Earth and Space Science, Gradu-
ate School of Science, Osaka University, Toyonaka, Osaka 560-
0043, Japan.Results and Discussion
Melanopsin in the Amphioxus Rhabdomeric
Photoreceptor Cell
Amphioxus, Branchiostoma belcheri (Figure 1A), has
two kinds of rhabdomeric photoreceptor cells, the Jo-
seph cells and dorsal ocelli, in addition to the frontal
eye and the lamellar body, which are composed of cili-
ary photoreceptor cells and are considered to be ho-
mologous to the lateral eyes and the pineal organ of
the vertebrate, respectively (Figure 1B) [6]. To identify
the photoreceptive protein in the amphioxus rhabdom-
eric photoreceptor cells, we conducted in situ hybrid-
ization analyses with antisense probes for six known
amphioxus opsins [10] and Amphi-mop (accession
number AB205400), which we isolated in this paper, en-
coding the amphioxus homolog of melanopsin (Figure
2; see Figure S1 in the Supplemental Data available
with this article online). The melanopsin transcripts
were detected in the Joseph cells (Figure 1C) and the
photoreceptor cells of the dorsal ocelli (Figure 1D),
whereas those of other opsins were not detected (data
not shown), showing that melanopsin is the photopig-
ment in the amphioxus rhabdomeric photoreceptor
cells.
Colocalization of Melanopsin with Gq
in the Rhabdomeric Photoreceptor Cell
Next, we investigated the phototransduction system
that melanopsin triggers in vivo. Because melanopsins
are phylogenetically related to the invertebrate rhodop-
sins, which couple to Gq [11–13] (Figure 2), we pre-
dicted that melanopsin also couples with Gq. We then
carried out immunohistochemical analyses to demon-
strate their colocalization in native organs. The anti-
melanopsin antibody clearly labeled the Joseph cells
and the photoreceptor cells of the dorsal ocelli (Figures
1E and 1F), and this is consistent with the results of
in situ hybridization (Figures 1C and 1D). The anti-Gq
antibody also labeled these rhabdomeric photorecep-
tor cells (Figures 1G–1I), whereas antibodies to other G
proteins, such as Gs, Gi/Gt, and Go, did not (data not
shown). These results strongly suggested that mela-
nopsin actually triggers the Gq-mediated transduction
cascade in the amphioxus rhabdomeric photoreceptor
cells. Our results, together with recent reports that the
mammalian melanopsin has the ability to initiate the
Gq-mediated signal-transduction cascade when it is
heterologously expressed in cultured cells [14, 15], pro-
vide definitive evidence that the phylogenetic cluster,
composed of melanopsins and invertebrate rhodop-
sins, represents the Gq-coupled opsin group (Figure 2;
Figure S1).
Amphioxus Melanopsin as a Bistable Pigment
Photopigment molecular properties, such as its ab-
sorption maximum and photochemical behavior, relate
to characteristics of the photoreceptor cells. However,
because high-level expression of functional melanopsin
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hFigure 1. Melanopsin in the Amphioxus Rhabdomeric Photorecep-
etor Cell
a(A) Branchiostoma belcheri.
H(B) Schematic drawings of the four kinds of photoreceptor cells in
the rostral part of the neural tube (boxed in [A]) and a larger view n
of the dorsal ocellus. The following abbreviations were used: nt, a
neural tube; nc, notochord; fe, frontal eye; lb, lamellar body; jc, l
Joseph cells; do, dorsal ocelli; bv, brain vesicle; prc, photoreceptor
tcell; and pgc, pigment cell. Practically, dorsal ocelli exhibit various
worientations in each section [32]. Expression of the melanopsin in
athe Joseph cells (C) and the photoreceptor cells of the dorsal ocelli
(D) was visualized by in situ hybridization. The dotted trace in (C) T
indicates the landmark of the brain vesicle. In (D), specific signals s
were detected in the dorsal ocelli’s photoreceptor cells, which are c
located on the dorsal side of the pigment cells in this section. Im-
tmunofluorescence labeling (green) of the Joseph cells (E) and the
uphotoreceptor cells of the dorsal ocelli (F) with the anti-melanopsin
aantibody. The white broken traces in (E) and (F) and the dotted
trace in (E) indicate the landmarks of the neural tube and the brain l
vesicle, respectively. Immunofluorescence labeling (green) of the e
Joseph cells (G) and the dorsal ocellus photoreceptor cell (H) with c
the anti-Gq antibody in the transverse sections corresponding to
athe positions indicated by red lines in (B) is shown. The white bro-
oken traces indicate the landmarks of the neural tube.
i(I) Colocalization of the melanopsin with Gq in the dorsal ocellus
photoreceptor cell. The immunofluorescence signals of the mela- c
nopsin (green) and Gq (red) were merged (yellow) in a Nomarski o
image. Prc denotes photoreceptor cell, and pgc denotes pigment s
cell. The scale bars represent 10 mm in (A), 50 m in (C)–(H), and
m5 m in (I).
t
ligure 2. Phylogenetic Position of the Amphioxus Melanopsin
he phylogenetic tree was inferred by the neighbor-joining method
ith other opsin subtypes as an outgroup (Figure S1). The close
elationship between the amphioxus melanopsin and vertebrate
elanopsins is supported with high bootstrap probability (93%).
he invertebrate visual rhodopsins (blue letters) are positioned out-
ide the melanopsins (red letters). Members expressed in the rhab-
omeric photoreceptor cells and in the photosensitive ganglion
ells were surrounded by blue and red lines, respectively. The scale
ar represents 0.1 substitutions per site. Accession numbers of the
equence data from the DDBJ/EMBL/GenBank databases are as
ollows: squid rhodopsin, X70498; octopus rhodopsin, X07797; fruit
ly Rh1, K02315; fruit fly Rh6, Z86118; fruit fly Rh3, Y00043; fruit
ly Rh5, U67905; amphioxus melanopsin, AB205400; cod opn4a,
F385823; Xenopus melanopsin, AF014797; chicken melanopsin,
Y036061; zebrafish melanopsin, AY078161; mouse melanopsin,
F147789; and human melanopsin, AF147788.as not yet been successful, the photochemical prop-
rties of the pigment itself remain to be elucidated. We
ttempted to express the amphioxus melanopsin in
EK293s cells, and as a result, the amphioxus mela-
opsin was successfully expressed and reconstituted
s a functional pigment. Because visual pigments ana-
yzed so far are bleached by irradiation under condi-
ions of high pH and/or the presence of hydroxylamine,
e carried out the bleaching experiment to reveal the
bsorption spectrum of the amphioxus melanopsin.
he red curve in Figure 3C shows the melanopsin ab-
orption spectrum in the dark state; the spectrum was
alculated from the difference spectrum before and af-
er bleaching in alkaline conditions (black curve in Fig-
re 3A). The absorption maximum (485 nm) shows good
greement with that of action spectra electrophysio-
ogically obtained from the mammalian-melanopsin-
xpressing native retinal ganglion cells and cultured
ells (w480 nm) [2, 4, 14–17]. Furthermore, irradiation
t neutral pH revealed the photoreaction of the amphi-
xus melanopsin. Irradiation with blue light caused an
ncrease in absorbance around 520 nm and a slight de-
rease around 420 nm (blue curve in Figure 3B). This
bservation, together with the melanopsin dark-state
pectrum (red curve in Figure 3C), indicates that the
elanopsin converted to a slightly red-shifted pho-
oproduct that has a larger extinction coefficient upon
ight absorption (blue curve in Figure 3C), like squid rho-
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Amphioxus Melanopsin
In (A) and (B), the difference absorption
spectra were generated by subtracting val-
ues obtained after from before irradiation
(before minus after irradiation).
(A) The spectral change caused by bleaching
at pH 10.8 (black) and a fitting curve (red)
that was calculated with the spectrum of the
nonirradiated squid rhodopsin (the red curve
in [D]).
(B) The spectral changes caused by irradia-
tion at pH 6.5 with blue light (blue), subse-
quent orange light (red), and additional blue
light (purple).
(C) The calculated absorption spectra of the
amphioxus melanopsin. The red curve repre-
sents the dark spectrum calculated with the
squid rhodopsin and identical to the red
curve in (A); the blue curve represents the spectrum after blue-light irradiation and was estimated by subtracting the difference absorption
spectrum (before minus after blue-light irradiation, blue curve in [B]) from the calculated melanopsin dark spectrum (red); and the dotted red
curve represents the absorption spectrum after subsequent orange-light irradiation and was estimated by subtracting the difference absorp-
tion spectrum (before minus after orange-light irradiation, red curve in [B]) from the calculated spectrum after blue-light irradiation (blue).
(D) The absorption spectra of the squid rhodopsin in the dark (red) and after irradiation (blue).dopsin (Figure 3D). Interestingly, subsequent orange-light
irradiation reverted the photoproducts to the original
state, showing photoregeneration of the pigment (red
curve in Figure 3B and dotted red curve in Figure 3C).
The small photochemical change is due to photoequi-
librium between melanopsin and the photoproduct. The
photoreactions are repeatedly achieved by irradiation
with appropriate lights (Figure 3B), demonstrating that
melanopsin, like arthropod and cephalopod rhodop-
sins, is a bistable pigment [18]. The bistable property
of melanopsin was demonstrated for the first time, sup-
porting the idea, from the electrophysiological analyses
[14, 19], that melanopsin acts as a photoisomerase as
well as a sensory photopigment. This characteristic al-
lows the melanopsin to function without adjacent reti-
nal pigment epithelium-like tissue that continuously
supplies 11-cis retinal.
Conclusions
In this paper, we have shown that amphioxus melanop-
sin is remarkably similar to invertebrate rhodopsin, for
example, in coupling with Gq and in its bistable nature,
both features that occur in the two major groups of bi-
laterians, protostomes and deuterostomes. Therefore,
a rhabdomeric-type photoreceptor containing a Gq-
mediated phototransduction system almost certainly
existed in the common ancestor of living bilaterians.
Our findings also bridge the evolutionary gap between
rhabdomeric photoreceptor cells of higher inverte-
brates and the photosensitive ganglion cells of verte-
brates in the following manner: In the chordate lineage,
rhabdomeric photoreceptor cells with a Gq-mediated
transduction system were evidently excluded from the
evolving retina portion concerned with image formation
and were relegated instead to a nonvisual role, as they
apparently also are in amphioxus. Subsequently, in the
vertebrate lineage, these cells must have lost their
rhabdomeric morphology, resulting in the emergence of
a photosensitive retinal ganglion cell.
The photosensitive ganglion cells exhibit light-evoked depolarization and depolarization-evoked burst
firing, the so-called ON response [2, 4, 16, 17]. Interest-
ingly, among three known kinds of phototransduction
systems that are mediated by different types of G pro-
tein, Gt, Gq, and Go, only the Gq-mediated system
causes cell depolarization, whereas the other two sys-
tems cause cell hyperpolarization [20]. Together with
the fact that depolarization and burst firing are also ob-
served in some invertebrate rhabdomeric photorecep-
tor cells, Gq-mediated phototransduction would be a
key molecular mechanism for acquiring the photore-
ceptive ganglion cell that exhibits the ON response.
Experimental Procedures
Cloning and Phylogenetic Analysis of Amphioxus Melanopsin
The cDNA fragment of the Amphi-mop encoding the amphioxus
homolog of melanopsin was obtained from the cDNA library of the
amphioxus (Branchiostoma belcheri) neural tube. Subsequently,
the full-length cDNA was isolated via the 3# RACE and 5# RACE
systems (Invitrogen). Multiple alignment of the amino acid se-
quences of opsins including the amphioxus melanopsin were car-
ried out with XCED software [21]. The phylogenetic tree was in-
ferred by the neighbor-joining method [22], with the evolutionary
distance calculated by a simple Poisson correction [23]. Bootstrap
analysis was carried out to evaluate the statistical significance of
each cluster in the tree [24].
In Situ Hybridization
In situ hybridization analyses were carried out as reported pre-
viously [18]. In brief, digoxigenin-labeled antisense RNA probes for
the amphioxus opsins were synthesized with the DIG RNA labeling
kit (Roche). The amphioxus heads were immersion fixed in 4% par-
aformaldehyde, cryoprotected in 0.1 M phosphate buffer contain-
ing 15% sucrose, frozen with optimal cutting temperature (OCT)
compound (Sakura), and sectioned at 12 m. The sections were
pretreated with proteinase K and hybridized with the antisense
RNA probe. The probe on the sections was detected with alkaline-
phosphatase-conjugated anti-digoxigenin (Roche) by a 5-bromo-
4-chloro-3-indolyl phosphate/nitro blue tetrazolium (NBT/BCIP)
color reaction.
Generation of Anti-Melanopsin Antibody
and Immunohistochemistry
The anti-melanopsin antibody was generated as reported pre-
viously [25, 26], with the following modifications: The C-terminal
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1068region of the amphioxus melanopsin (G659-L706) was fused to
maltose binding protein (MBP) in the expression vector pMAL-c2X
(New England Biolabs). The fusion protein was expressed in Esch-
erichia coli and purified by amylose affinity-column chromatogra-
phy (New England Biolabs). BALB/c female mice were immunized
four times with the purified fusion protein. Anti-Gα antibodies
against the C-terminal regions, which are conserved in each Gα
type, were used. Anti-Gq and anti-Gt/Gi antibodies were a gener-
ous gift from Dr. Suzuki [27, 28], and anti-Gs and anti-Go antibodies
were commercially obtained (Gramsch Laboratories; Santa Cruz
Biotechnology). Sections of amphioxus neural tube, prepared as
described above, were incubated with 1:500 diluted antisera and
then with Alexa Fluor 488 (Molecular Probes) for immunofluores-
cent detection. In double-labeling experiments with anti-melanop-
sin and anti-Gq antibodies, Alexa Fluor 488 and 546 were used as
the secondary antibody, respectively.
Expression and Reconstitution of the Amphioxus Melanopsin
1The coding region of the amphioxus melanopsin cDNA was in-
serted into the mammalian expression vector pcDNA3.1 (Invitro-
gen). The vector was transfected into HEK293s cells by the
calcium-phosphate method as reported previously [29, 30]. The ex-
1pressed proteins were incubated with excess 11-cis retinal to re-
constitute the pigment. The pigments were then extracted with
0.4% dodecyl β-D-maltoside in HEPES buffer (pH 6.5) containing
140 mM NaCl from the HEK293s membrane isolated by flotation
1in sucrose gradients. The crude extract was treated with 10 mM
hydroxylamine to cleave the random Schiff base linkage.
1Spectroscopic Analyses
Absorption spectra of the samples were recorded at 0°C with a
Shimadzu UV2400 spectrophotometer [31]. Blue and orange lights
were generated with a 450 nm interference filter and with an O-56
1glass cutoff filter (Toshiba), respectively. The absorption spectrum
of the amphioxus in the dark state was calculated by curve fitting
with the spectrum of the nonirradiated squid rhodopsin (Todarodes
1pacificus) as a template. The absorption spectra of the irradiated
amphioxus melanopsin were estimated by subtracting the differ-
ence absorption spectra (before irradiation minus after irradiation)
from the calculated melanopsin dark spectrum.
1
Supplemental Data
1
A supplemental figure is available at http://www.current-biology.
com/cgi/content/full/15/11/1065/DC1/.
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